The Dungeness crab, Cancer magister, is classed as a weak osmoregulator. Nevertheless, this species will enter into low salinity regimes of estuaries during times of high food abundance. The present study investigated the possible regulatory role of neurohormones on feeding behaviour during acute low salinity exposure. When the crab's eyestalks were ablated, removing the terminal medulla and the associated X-organ/sinus gland complex, they consumed more food and fed for a longer period of time compared with intact animals. Eyestalk ablated animals would even attempt to feed in freshwater, whereas intact animals would only consume food in salinities above 40% SW. The results suggest that feeding behaviour during low salinity exposure in C. magister is regulated by an inhibitory neurohormonal mechanism. This mechanism may help animals balance the demands of competing physiological processes.
INTRODUCTION
Changes in environmental temperature, oxygen tension or salinity can have marked effects on the feeding behaviour of aquatic organisms (Arnesen et al., 1993; Brante and Hughes, 2001; Pihl et al., 1991) . In ambient conditions, the feeding behaviour of many invertebrates is regulated by a satiation response resulting in the animal being either hungry or satiated (Elliott and Susswein, 2002) . Early work suggested that in decapod crustaceans, feeding behaviour was actively regulated by the terminal medulla (Maynard and Sallee, 1970) , a complex neuropil located in the proximal portion of the eye stalks (Sandeman et al., 1992) . In support of this, fiddler crabs [Uca pugilator (Bosc, 1802) , Uca pugnax (Smith, 1870) , Uca minax (Le Conte, 1855) ] are more sensitive to food stimuli when their eye stalks have been removed (Rittschof and Buswell, 1989) . It has been further suggested that satiation is regulated by a putative hormone termed Feeding Inhibition Factor (FIF), which is produced in an associated neurohaemal organ, the sinus gland (Sears and Rittschof, 1991; Sears et al., 1991) . Our recent work has shown that feeding decisions are regulated by a more complex mechanism than satiation alone. Rather than a simple satiation response, decapod crustaceans appear to be able to integrate the degree of starvation and the physiological challenge presented by their surrounding environmental conditions when making feeding decisions (Curtis et al., 2010) .
For crustaceans inhabiting estuaries, low salinity is the single most important factor governing their distribution (Barnes, 1967) . The Dungeness crab, Cancer magister Dana, 1852, is classed as a weak osmoregulator. Nevertheless, it makes excursions into hyposaline estuarine habitats, possibly to feed (Barnes, 1967; Curtis and McGaw, 2008; Stevens et al., 1984; Sugarman et al., 1983) . The effects of severe low salinity exposure are exacerbated in animals that have recently fed, resulting in increased mortality rates (McGaw, 2006) . This inability to balance the physiological processes of digestion with those associated with low salinity probably accounts for the reduced feeding rate observed in C. magister in low salinity (Curtis et al., 2010) . The aversion to feeding in low salinity can be partially overridden; as the time since the last meal increases, crabs are more likely to feed in low salinity and consume more food (Curtis et al., 2010) . However, there is a threshold to this response, and Dungeness crabs will not feed below 40% SW regardless of the level of starvation, suggesting some sort of regulatory feedback mechanism (Curtis et al., 2010) . There have been no follow-up studies since Sears et al. (1991) suggested that appetite in crustaceans is controlled by sinus gland hormones. Previous work showing that the sinus gland/X-organ complex is involved in ion regulation (see Pequeux, 1995 for review), along with the fact that we found low salinity exposure causes a reduction in food intake in Dungeness crabs (Curtis et al., 2010) , provided us with an ideal opportunity to test the hypothesis that a neurohormonal mechanism originating in the eyestalks also regulates food intake during hyposaline exposure. To test this hypothesis, we examined: 1) the likelihood of feeding, 2) the amount of food consumed, and 3) the time spent feeding in intact and JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 313-316, 2011 eyestalk ablated (ESA) C. magister when exposed to a range of salinities from seawater to freshwater.
MATERIALS AND METHODS
Adult male intermoult Dungeness crabs, C. magister, of 300 to 750 g were trapped in Barkley Sound British Columbia, Canada and transported to the Bamfield Marine Sciences Centre. Animals were held in running seawater (SW) of 32 6 1% and at a temperature of 12 6 1uC for a minimum of one week prior to experimentation. Crabs were fed fish (Lepidopsetta bilineata) every other day. Prior to experimentation, animals were removed from the population and starved for 2 d. Salinity and temperature regimes were monitored using an YSI-30 conductivity meter (YSI Inc., Yellow Springs, OH). Crabs were cared for in accordance with the ''Guide to the Care and Use of Experimental Animals'' by the Canadian Council on Animal Care and approved by the Institutional Animal Care Committee of the Bamfield Marine Sciences Centre.
In ESA crabs, the terminal medulla and the associated sinus gland/Xorgan complex was removed 24 h before experiments were started by cutting the eye stalks at their base using a hot scalpel, which subsequently cauterized the wound. This technique resulted in 100% survival after 1 week. Twenty-four hours after the operation, crabs were transferred to a sea table (150 3 70 3 20 cm) that was divided into 10 equal sized chambers, and allowed to settle for 3 h. The salinity was then changed to 0, 25, 50, 75, or 100% SW (0, 8, 16, 24 or 32%, respectively), over a period of 30 min by draining a portion of the tank and replacing it with aerated freshwater of the same temperature. Once the test salinity was reached, crabs were exposed for a further 30 min, at which time they were presented with a piece of pre-weighed fish muscle. To minimize changes in mass due to osmotic water exchange with the media, the food was soaked in the test salinity for 6 h prior to experimentation. Preliminary experiments showed that this procedure did not alter the palatability of the meal (Curtis, unpublished obs.) . Feeding status was determined at 5 min intervals. If a crab did not feed within one hour, it was scored as a non-feeder. Once an individual began feeding, if it ceased feeding for more than 15 min a feeding bout was considered finished. The time spent feeding was recorded and the amount of food consumed was calculated based on the mass of the uneaten food. For intact crabs, a minimum of 20 individuals were tested, if less than 5 individuals fed, the experiment was repeated until a total of 40 individuals had been tested. This method confirmed that intact crabs would not feed below 50% SW and provided a reasonable estimate of variance near this lower threshold. For ESA crabs, 10 individuals were tested at each salinity level. Different individuals were used for each treatment. The amount of food consumed and the time spent feeding were compared for intact and ESA crabs using a two-way ANOVA. Data were (y + 1) transformed due to the large number of zero values for intact individuals. Significant effects were further analysed using Fisher's LSD post-hoc tests. The effects of salinity and ESA on the number of crabs feeding were determined using a Chi-square test (P , 0.05)
RESULTS
There was a significant difference in the percentage of intact (Chi-sq 5 24.816, d.f. 5 4, P , 0.001) and ESA (Chi-sq 5 44.514, d.f. 5 4, P , 0.001) crabs feeding as a function of salinity (Fig. 1) . Low salinity exposure significantly reduced the likelihood of feeding in intact crabs; 70% of individuals fed in 75% SW, while less than 20% of the crabs fed in 50% SW. Intact crabs would not feed in 25% SW or in freshwater. In contrast, all of the ESA crabs fed in salinities as low as 25% SW, and over 40% of individuals attempted to feed in freshwater (Fig. 1) .
There was a decrease in the amount of food consumed ( Fig. 2A ; ANOVA, d.f. 5 4, F 5 9.332, P , 0.001) and the time spent feeding ( Fig. 2B ; ANOVA, d.f. 5 4, F 5 5.832, P , 0.001) in both intact and ESA crabs as a function of salinity. However the effects of low salinity were less pronounced in ESA crabs. In 100% SW, there was no significant difference in the amount of food consumed, although ESA crabs fed for significantly longer (P , 0.05). ESA crabs consumed more food ( Fig. 2A ; P , 0.05) and fed for a longer period of time in all salinities below 100% SW ( Fig. 2B ; P , 0.05) compared with intact individuals. The amount of food consumed by intact crabs was significantly reduced in 75% SW and further reduced in 50% SW ( Fig. 2A , P , 0.05). In contrast, ESA crabs consumed similar amounts of food in 100, 75, and 50% SW. A significant reduction in food consumption by ESA crabs occurred in 25% SW and freshwater only (P , 0.05). Both intact and ESA crabs fed for a similar amount of time in 75 and 100% SW, however below this level intact crabs showed a greater decline in the amount of time spent feeding (P , 0.05).
DISCUSSION
The current study provides evidence that the reduction in food intake observed by C. magister in low salinity is controlled by inhibitory neurohormones originating in the sinus gland. When intact crabs were exposed to low salinity the percentage of individuals feeding was reduced (Fig. 1) . The likelihood that an individual will feed in low salinity increases with starvation; however, even with prolonged food deprivation a threshold level of 40% SW is the lowest salinity in which Dungeness crabs will feed (Curtis et al., 2010) . Ablation of the eyestalk (thereby removing the terminal medulla and sinus gland/X-organ complex) removed feeding inhibition due to low salinity exposure (Fig. 1) , and crabs even attempted to feed in freshwater. There was a discrepancy between the numbers of ESA individuals attempting to feed in freshwater and the amount of food consumed (Figs. 1, 2A) . Although crabs tore off pieces of food with the chelae and attempted to nibble the food with their mandibles for up to 15 minutes, these movements were uncoordinated; when probed with a glass rod, the crabs responded very slowly. It is likely that osmotic water on-load caused by severe osmotic stress and a reduction in ionoregulatory ability resulting from ESA Fig. 1 . The percentage of intact and eyestalk ablated (ESA) Dungeness crabs (Cancer magister) feeding when exposed to 0, 25, 50, 75, or 100% SW (0, 8, 16, 24 or 32%, respectively) . (Pequeux, 1995) restricted their movements preventing them from actually ingesting any food (Davenport, 1972) . In 25% SW and 50% SW, the crabs did not appear to be inhibited by osmotic water onload. However, they were only exposed to these hyposaline environments for 1h before they were offered food, which is not a long enough period for a significant change in their internal osmolality at these salinities (McGaw et al., 1999) .
The threshold salinity of 40% SW for feeding in intact crabs is just above the lowest salinity (35% SW) that they are reported to survive in indefinitely (Jones, 1941) . Data obtained from tagged crabs in the field (Curtis and McGaw, 2008) and salinity preference experiments in the lab (Curtis and McGaw, 2004) confirmed that intact crabs avoid salinities below 35-40% SW. In contrast, when presented with an olfactory stimulus in a hyposaline gradient, ESA crabs will enter into low salinities, and continue to search for food (Curtis, unpublished observations) . The alteration of actual foraging behaviour also suggests an integration of complex chemical stimuli, rather than a simple inhibitory mechanism of feed or do not feed. While it could also be argued that removal of the eyestalks somehow affected the crab's ability to detect low salinity, when ESA C. magister were exposed to 50% SW, they immediately displayed an increase in heart rate. The observed increase of approximately 20 beats min 21 (Curtis and McGaw, unpublished observations) is characteristic of intact animals (McGaw and McMahon, 1996) and such increases in heart rate are sensitive indicators of stress in crustaceans (Florey and Kriebel, 1974) .
When interpreting these results, a potentially confounding factor is that removal the sinus gland could disrupt the release of a number of other hormones, such as Crustacean Hyperglycaemic Hormone (CHH; Fu et al., 2005) . The primary function of CHH is to regulate circulating levels of glucose in the hemolymph (Fanjul-Moles, 2006) . Low salinity exposure results in a release of CHH from the sinus gland and a subsequent increase in hemolymph glucose (Chang et al., 1998) . Increased blood glucose levels also occur post-feeding, independent of CHH release (Hall and Van Ham, 1998) . Therefore it may be hypothesized that low salinity exposure fools the animal into thinking that it has recently fed and is therefore not hungry. In refute of this, as soon as they had finished eating, ESA crabs would begin feeding again immediately if they were presented with more food. Here, blood glucose was presumably elevated due to feeding (Hall and Van Ham, 1998) , suggesting that the increased likelihood of feeding for ESA crabs occurs regardless of satiation, and is not simply a response to decreased blood glucose due to removal of CHH. Conversely, when intact animals are exposed to salinity below 50% SW, appetite is not regained until approximately 4h after return to full seawater (Curtis et al., 2010) . This suggests that feeding during low salinity is controlled by a neurohormonal, rather than a strictly neurological mechanism. Injection of eye stalk extracts into ESA crabs would serve to further confirm hormonal involvement in the regulation of feeding during low salinity exposure.
While further investigation is necessary to elucidate a definitive mechanism for the inhibition of feeding behaviour by low salinity exposure, the results of this study suggest that it is likely controlled through the integration of chemosensory signals in the terminal medulla and the subsequent release of neuroendocrine products originating in the sinus gland. The rapid inhibitory response and the resulting delayed return in appetite observed for intact animals (Curtis et al., 2010) may serve as an effective means of preventing Cancer magister and other poor osmoregulators from having to cope with the concurrent physiological demands of digestion and osmoregulation. Fig. 2 . The amount of food consumed (A) and the amount of time spent feeding (B), for intact and eyestalk ablated (ESA) Dungeness crabs (Cancer magister) exposed to 0, 25, 50, 75, or 100% SW (0, 8, 16, 24 or 32%, respectively) . Values are mean 6 SE.
